I t has been previously reported (1) that brains of mice infected with the Theiler FA strain of mouse encephalomyelitis virus show marked inhibition in the rate of glucose phosphorylation. Since such impairment in the utilization of the most essential substrate of brain metabolism may be related to the neuron destruction in the course of the virus infection, its mechanism was investigated further.
I t has been previously reported (1) that brains of mice infected with the Theiler FA strain of mouse encephalomyelitis virus show marked inhibition in the rate of glucose phosphorylation. Since such impairment in the utilization of the most essential substrate of brain metabolism may be related to the neuron destruction in the course of the virus infection, its mechanism was investigated further.
It was attempted first to clarify the mechanism by which the virus exerts its inhibitory effect and then to localize the site of action. It has been found that all anomalies in brain metabolism observed either in the infected brain or in the normal brain to which virus preparations had been added, can be reproduced by the addition of small quantities of ferrous sulfate. Purified preparations of Theiler FA virus, after prolonged dialysis, were found to contain iron in sufficient amounts to account for the inhibitory action. The second part of this paper presents evidence showing that the glycolytic activity of a mouse brain homogenate which has been inactivated by the virus preparation or by ferrous sulfate, can be restored by the addition of a purified fraction obtained from rabbit muscle. This fraction also completely restores the glycolytic activity of the homogenate of a mouse brain infected with the Theiler FA virus. The "restoring factor" is destroyed at temperatures above 60°C. and is non-dialyzable. In all likelihood it represents the system on which the virus exerts its in vitro effect leading to impairment in glycolysis.
EXPERIMENTAL

Methods
Preparation of an Actively Glycolyzing Mouse Brain
Homogenate.--To obtain results of satisfaetory reproducibility it has been found necessary to follow closely a standardized procedure. A mouse (CFW strain) was decapitated, the brain removed, and its wet weight determined on a torsion balance. It was ground thoroughly in a chilled glass mortar which was kept immersed in an ice bath. One ml. of cold glass-distilled water was added End the mixture again well ground. It was then diluted and mixed well with distilled water and buffer * Aided by a grant from the National Foundation for Infantile Paralysis, Inc. We also wish to acknowledge the assistance of the lesse G. M. Bullowa Memorial Research Fund for tba nurchase of equipment. 715
INHIBITION O~ GLYCOLYSIS so that it finally represented a 10 per cent brain homogenate in 0.01 xt potassium phosphate buffer at pH 7.3. This homogenate was kept in the ice bath for l0 minutes and finally pipetted in 0.3 ml. amounts for measuring glycolysis as described previously (1, 2).
-Preparation of an Actively Glycolysing Extract from A cetone-Dried Mouse Brains.--Twenty
to thirty brains were rapidly removed from decapitated mice, ground thoroughly in a chilled glass mortar, diluted with two volumes of ice cold glass-distilled water, and thoroughly mixed. The mixture was then poured into ten volumes of acetone at -7°C. and rapidly centrifuged in the cold room. The precipitate was washed with cold acetone and ether and dried in a vacuum desiccator.
RESULTS
I
Heat Stability of the Inhibitory Factor in Preparations of Theiler FA Virus.--Purified preparations of Theiler FA virus have been shown to inhibit glucose utilization if incubated with normal mouse brain homogenates for 20 minutes at 37°C. before the eoenzymes required for glycolysis were added (1).
Since metals have been reported to be present in highly purified plant viruses (3) and high concentrations of copper in vaccinia virus (4), the possibility of a metal as the active inhibitory group of the virus was considered. A preparation of Theiler FA virus purified by ether extraction, ammonium sulfate, and pH fractionation (5), was dialyzed for 2 days against several changes of 0.1 x~ sodium pyrophosphate at pH 7.5, and 3 days against 0.08 • KC1 at pH 7.5, to remove the sodium pyrophosphate. The dialyzed preparation was tested for inhibitory activity and samples were subjected to heating at 100°C. for 10 minutes and incineration. The incinerated material was made up to original volume with distilled water before testing for inhibitory activity. It was found that the preparations were markedly inhibitory even after they were subjected to heating at 100°C. or incineration.
In another experiment the virus preparation was further purified by the use of differential centrifugation. After removal of ammonium sulfate by dialysis against 0.5 per cent KCI, the virus preparation was centrifuged for 20 minutes at 15000 I~.I,.M. and the clear supernatant then recentrifuged for 8 hours in a spinning top ultracentrifuge. The precipitate obtained was taken up in 0.5 per cent KCI and centrifuged for 20 minutes at 5000 x.P.M. The water-clear supernatant was then dialyzed for 3 days against 0.1 ~ potassium cyanide at pH 7.5 and for 3 days against 0.08 ~t KC1 to remove the cyanide and was then subjected to heating and incineration as in the previous experimen t . The results are recorded in Table I . Mter chemical purification, ultracentrifugation, and prolonged dialysis against potassium cyarfide, the virus preparation is markedly inhibitory for brain glycolysis and this effect is not destroyed after heating or incineration as shown in Table I the metals were tested both with and without preliminary incubation. Mg ++, Ca ++, Mn ++, Li +, Co++, Sn ++, Ni ++, Ag +, Fe Izt were found to have no effect under these conditions. The metals were usually added as chloride or sulfate salt to give a final concentration of 10-sg. On the other hand, definite inhibitory effects were noted with Cu++, Zn++, and Fe ++. The results of a typical experiment are recorded in Table II. Copper salts had been previously known to inhibit glycolysis (6) . It can be seen from Table II , however, that copper causes an inhibitory effect even without preliminary incubation. Therefore, it was not likely to be the metal present in the virus preparation which accounts for the inhibition of glycolysis. Zn ~-also inhibited glycolysis without preliminary incubation, as shown in Table I_I , while Fe ++ showed an inhibitory effect only after preliminary incubation with the brain homogenate. Because the effect of Fe ++ most closely resembled the effect of the virus and since preliminary tests indicated the presence of iron in the dialyzed virus preparations, it was decided to study the effect of Fe ++ and to compare its mode of action with that of preparations of Theiler FA virus.
Effect of Time and Temperature of Preliminary Incubation on Inhibition of Glycolysis by Fe ++. Localization of Fe ++ Inhibition and Its Prevention by DPN
Preparations.--Experiments previously carried out with virus preparations were now repeated with Fe ++. The effect of temperature and time of preliminary incubation are recorded in Fig. 1 (curves 1 and 2). The curves resemble those previously obtained with virus preparations (1). The viruses were shown to inhibit glucose and fructose-6-phosphate utilization but had little or no effect when fructose-1,6-diphosphate was added. The same was found to be true of the inhibition caused by Fe ++ in the present experiments, as shown in Table  HI . Diphosphopyridine nucleotide (DPN) preparations have been shown to prevent the effect of virus, when added together with glucose, during the preliminary incubation period (1), Under similar conditions DPN prevented the inhibitory effect of Fe ++ (Table III) .
Factors Influencing the Inhibition of Glycolysis by Fe ++. Demonstration of Iron in the Purified
Theiler FA Virus Preparation.--None of the above experiments indicated any differences in the mode of action of Fe ++ and the incinerated virus preparation. It was noted, however, that a ferric salt was not inhibitory, even when used in concentrations five times that of the ferrous salt. When a solution of a ferrous salt was neutralized 5 to 10 minutes before adding it to the brain homogenate, glyeolysis was no longer inhibited. This loss of activity is apparently due to the rapid oxidation of ferrous salts on the alkaline side of neutrality. In coatrast, the incinerated virus preparations were inhibitory even after storage at alkaline pH in the ice box for several weeks. Moreover, it is most unlikely that the iron, if present as ferrous salt, would remain in the reduced form after incineration. Ferrous salts, when incinerated under the same conditions, entirely lost their inhibitory action. This discrepancy remained unexplained until it was found that when ferrous salts are incinerated in the presence of phosphate, they retain their inhibitory effect, as shown in Table IV . It was considered probable that iron formed complexes with the meta-or pyrophosphates which are the products of incineration of phosphate compounds. The virus preparations contain nucleoproteins which could supply the phosphate necessary for complex formation. In addition, it has been found that ferric as well as ferrous salts are inhibitory for brain glycolysis in the presence of small amounts of pyrophosphates. Sodium pyrophosphate by itself had little or no effect. These observations are summarized in Table IV .
In Fig. 1 (curve 3 ) the effect of iron concentration on the degree of inhibition is recorded. The amount of iron required for significant inhibition of glucose utilization in brain homogenates is very small as indicated in this figure where 0.5 microgram of Fe ++ caused 44 per cent inhibition of glycolysis. Colorimetric determination of the iron content in the purified virus preparation gave values which fell in the range of Fe ++ concentration inhibitory to brain glycolysis. A purified preparation of Theiler FA virus which had been dialyzed against 0.1 ~r potassium cyanide and 0.08 ~ KC1 was incinerated and tested for inhibition of glycolysis and for the presence of iron. Its effect on lactic acid production is recorded in Table I . When tested by the color reaction obtained with a ,a'-dipyridyl, the iron content was found to be 1.25 micrograms per ml. Since 0.3 ml. of this preparation containing approximately 0,4 microgram of iron, was used in the experiment recorded in Table I , it is apparent that the iron content could account for the degree of inhibition of glycolysis obtained with this virus preparation.
These experiments indicate that the inhibition of glycolysis observed with purified Theiler FA virus cbuld well be due to the iron present in the prepara-tions. Iron seems to be firmly bound, since prolonged dialysis does not remove it.
Mechanism of Inhibition by the Virus Preparation and by Fe++.--Michaelis and Stem (7) have reported an activating effect of some metals on cathepsins. They also observed that a complex of iron with substances like dipyridyl was a better activator than the free iron salt. Since the degree of inhibition of glycolysis by virus preparations and iron salts is a function of the time and tern- 
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* These substances were incubated for 20 minutes at 38°C. before addition of the coenzymes.
:~ These substances were incubated together for additional 30 minutes at 38°C. before incubation with the acetone powder.
perature of the preliminary incubation with the brain homogenate and since the inhibitory amounts of Fe ++ are extremely small, the possibility was considered that iron may not act directly on the glycolytic system but rather by acting upon some other component present in brain which then affects glycolysis.
This hypothesis was strengthened by the observation that an actively glycolyzing extract obtained from an acetone powder of mouse brain was not inhibited by ferrous sulfate as shown in Table V . On the other hand, when the extract of the acetone powder was mixed with a fresh brain homogenate and iron, the glycolysis of the mixture was significantly depressed (Table V) .
When the fresh brain homogenate was boiled prior to its incubation with the acetone powder extract, the iron no longer had an inhibitory effect on the glycolysis of the acetone powder extract.
This clearly indicated that in fresh mouse brain a heat-labile "inactivating factor" is present which, upon activation by the virus or by Fe ++, causes inhibition of glycolysis.
II
Localization of the Inhibition Caused by Virus Preparations and
Fe++.--The inhibitory effect of virus preparations on carbohydrate metabolism has been localized to the steps leading from glucose to fructose-1,6,diphosphate. When the latter substance was added, no inhibition of lactic acid production was observed.
Three enzymes are known to take part in the formation of fructose-l,6-diphosphate from glucose:
1. Hexokinase catalyzes the reaction: glucose + ATP --~ glucose-6-phosphate + ADP.
2. Phosphohexoisomerase catalyzes the reaction: glucose-6-phosphate fructose-6-phosphate. This enzyme has not been studied extensively but has been shown recently (8) to be an enzyme distinct from triosephosphate isomerase.
3. Phosphohexokinase catalyzes the reaction: fructose-6-phosphate + ATP ---> fructose-l, 6-diphosphate + ADP. This enzyme has been studied in crude tissue extracts only and a purification procedure has not been reported.
It seemed unlikely that phosphohexoisomerase is the enzyme affected by the virus preparations because it was observed that utilization of fructose was inhihited to the same degree as that of glucose. Fructose-6-phosphate utilization was also depressed although less markedly than either glucose or fructose utilization. Fructose or fructose-6-phosphate do not require phosphohexoisomerase for conversion to fructose-l,6-diphosphate. Furthermore, direct determination of isomerase activity in brain homogenates inactivated by ferrous sulfate, showed no inhibition.
In order to localize the effect of the virus and of Fe ++, purified preparations of hexokinase and phosphohexokinase were tested to determine whether either of them is able to restore the glycolytic activity to infected brain and to brain inactivated by the virus preparation.
The purification and crystallization of hexokinase from yeast have recently been reported (9) . A sample of this preparation was kindly given to us by Dr. S. Colowick.
It was found necessary to purify phosphohexokinase and for this purpose a simple spectrophotometric method for the determination of phosphohexokinase activity was developed (10) . By the aid of this method partially purified phosphohexokinase was prepared from rabbit muscle (10) . Approximately 20 to 30 micrograms of the purified material was equivalent in activity to the phosphohexokinase preser/t in 0.3 ml. of the brain homogenate used in the experiments.
Ineffectiveness of Phosphohexokinase and Hexokinase in Restoring glycolyti¢ A ctivity of Brain H omogenates.--When an excess (100 micrograms) of the phosphohexokinase preparation mentioned above was added to 0.3 ml of brain homogenate, after the latter had been inactivated by the virus preparation or by iron, the glycolytic activity was not restored. In these experiments, fruc- tose-6-phosphate was used as the substrate. Similarly, the addition of an excess of crystalline yeast hexokinase alone or together with phosphohexokinase, did not restore glycolysis as shown in Table VI .
The possibility was then considered that ATP, which is required for the phosphorylation processes, may become the limiting factor under experimental conditions. Addition of ATP at 15 minute intervals, however, did not restore activity to the brain homogenate although both hexokinase and phosphohexokmase were present in excess (Table VI) . Two other enzymes, aldolase and triosephosphate dehydrogenase, which were obtained from rabbit muscle and had been recrystallized six and five times respectively, likewise did not restore glycolytic activity.
Pur~#cation of a "Restoring Factor" from Rabbi~ Musde Extracts.--The observations described above suggested that another component may be involved in the steps leading from glucose to fructose-l,6-diphosphate. Crude extracts of monkey brain acetone powder as well as rabbit muscle extracts were found to be very active in restoring the activity of the inactivated brain homogenate (Table VII) . Since rabbit muscle was more readily available, it was decided to use it as the starting material for purification.
By the use of pH fractionation, heating for 10 minutes at 54°C., and adsorption on alumina gel (C~) or kieselguhr, considerable purification was obtained. A stable dried preparation was obtained by fractionation with alcohol at -5°C . and drying from the frozen state. The fraction obtained between 40 to 50 per cent alcohol concentration showed the highest specific activity (restoring activity per milligram protein). This material showed no detectable hexokinase or phosphohexokinase activity.
The "restoring factor" from rabbit muscle is readily destroyed by temperatures above 50°C. especially on the acid side of neutrality. Even in the cold it is rapidly inactivated below pH 4.0. It can be dialyzed for 24 hours with little or no loss in activity. The further purification of this "restoring factor" is under investigation.
Effect of Fresh Mouse Brain Homogenate on the "Restoring Factor" Purified from Rabbit Muscle.--It had yet to be demonstrated that the purified "restoring factor" from muscle is a substance similar to the factor in normal brain which is inactivated by ferrous sulfate or by purified preparations of Theiler FA virus. To obtain information on this point, it was necessary to investigate whether the fraction from muscle could also be inactivated by the "inactivating factor" of brain preparation in the presence of ferrous sulfate. This was found to be the case. It was observed that considerable amounts of this "inactivating factor" can be separated from the glycolytic enzymes present in the normal fresh mouse brain homogenate by centrifugation for 30 minutes at 4000 R.P.M. The precipitate was washed once with 0.01 M potassium phosphate buffer of pH 7.5 and then suspended in a small volume of the same buffer. This preparation Addition to brain homogenate production
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" " -}-"restoring factor"* " " -}-"inactivating factor" from mouse brain* Ferrous sulfate -t-"restoring factor" -t-"inactivating factor"* completely inactivated the "restoring factor" in 30 minutes at 38°C. (Table   VIII) .
It can therefore be assumed that the "restoring factor" fraction purified from muscle is similar to the factor present in brain which is inactivated by ferrous sulfate or by the virus preparation. Furthermore, when the brains of mice infected with Theiler FA virus were used for the preparation of homogenates, it was found that the loss of glycolytic activity could be restored by addition of the "restoring factor" obtained from rabbit muscle (see Table VII ).
DISCUSSION
Evidence has been presented that the inhibition of glycolysis in normal mouse brain homogenates caused by the addition of purified preparations of the Theiler FA strain of mouse encephalomyelitis virus can be accounted for by the presence of iron in the virus preparations.
Since all the effects produced by the virus preparation can be reproduced by small amounts of ferrous sulfate, repeated attempts by various methods have been made to free the virus from iron. Chemical fractionation, differential centrifugation, and prolonged dialysis against sodium pyrophosphate or potassium cyanide did not remove the iron from the virus preparation.
The phenomenon of inhibition of glycolysis is, however, not dependent upon the use of virus preparations which might have been contaminated with iron during the process of purification, but can also be demonstrated in brain homogenates of infected animals. The question whether iron is an integral part of the virus or is merely adsorbed to it appears to be of relatively small import from the viewpoint of inhibition of glycolysis.
The presence of metals in enzymes and the r61e of metals as specific activators of enzymic activity are well known. The association of a virus with a specific activator of an enzymic activity in the invaded cell may represent a mode of intervention by which the virus exerts an effect on the host cell.
In the case of the Theiler FA encephalomyelitis virus such a disturbance can be demonstrated in the decreased ability of the infected brain to utilize glucose. The inhibition has been localized to the formation of fructose-1,6-diphosphate. A component ("restoring factor") involved in this step has been obtained from extracts of acetone-dried brain or from normal rabbit muscle. This component restores the glycolytic activity to the infected brain as well as to normal brain after its glycolytic activity has been impaired by addition of virus preparations or of iron. The "restoring factor" has been partiallypurified. It is nondialyzable and labile at temperatures above 60°C. It is inactivated or destroyed when incubated with a fresh brain homogenate in the presence of ferrous sulfate. Diphosphopyridine nucleotide preparations which have been shown to prevent the inhibition bythevirus or byferrous sulfate have no restoring capacity. They have no effect after the virus has acted. The "restoring factor," on the other hand, is effective after the action of the virus or ferrous sulfate has taken place and, therefore, in all likelihood, represents the component which is inactivated by the virus. No information, however, is available on the mode of action of the "restoring factor" or on its function in glycolysis.
The present concept of the action of the Theiler FA encephalomyelitis virus on the glycolytic activity of the brain in ~itro is as follows: through the action of iron which is either part of the virus molecule or is liberated due to the infectious process, a substance present in brain ("inactivating factor") is activated which, in turn, inactivates or destroys a component ("restoring factor"), necessary for the formation of fructose-I, 6-diphosphate. 
